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THE study of organic plant poisons presents one fundamental difference
from that of inorganic poisons. Inorganic compounds containing the

toxic elements must of necessity be present in the soil or nutrient medium
in which the plant is growing, must be absorbed by the roots, and must be
translocated within the plant either in the same form or as some other com-
pound determined by the metabolism of the particular species concerned.
In no case can an inorganic substance be developed within the tissues unless
the essential basis has been supplied by absorption. The degree of
virulence of such toxic elements is frequently determined by the chemical
form in which they are presented to the roots, some compounds of an
element such as copper being far more toxic than others. Organic poisons,
on the other hand, are frequently developed within the plant in the ordinary
course of metabolism. When this occurs they do not appear to function
as poisons, but enter in some way into the economy of the plant. If, how-
ever, these substances be presented to the roots for absorption, even in very
low concentration, they may be toxic to a high degree. Many of these
organic compounds are of considerable commercial or economic interest, so
that much research has been done on their presence in various species
of plants, giving rise to a great bulk of literature, largely pharmaceutical in
character. The action of these same substances when applied to the roots
has hitherto been largely overlooked, and little" work has been published
except for a very few compounds. This is in striking contrast to the vast
literature dealing with inorganic poisons, and may be largely due to the
fact that our knowledge of the organic constituents of the soil is very
incomplete, owing to the great difficulty of identifying and isolating them,
whereas the determination of inorganic constituents is less difficult and has
been vigorously pursued for the last hundred years at least.

It has long been known that various poisons act as stimulants to the
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448 Brenchley.—Organic Plant Poisons. I.

animal body if they are utilized in very small quantities, and this knowledge
has been made full use of by medical science. In some quarters the idea
gradually evolved itself that all poisons behave as stimulants under
favourable conditions, and it was assumed that this applied to plants as well
as animals. In 1896 the position of affairs was thus summed up by
Hiippe:1 ' Jeder Korper, der in bestimmter Concentration Protoplasma
todtet und vernichtet, in geringeren Mengen die Entwickelungsfahigkeit
aufhebt, aber in noch geringeren Mengen, jenseits eines Indifferenzpunktes,
umgekehrt als Reiz wirkt und die Lebenseigenschaften erhoht.' This
theory has been frequently put to the test, especially with regard to metallic
compounds, and the results indicate that it is by no means a universal law,
but that while toxic compounds reach an indifferent point as the concentra-
tion decreases, it does not always happen that stimulation occurs with still
greater dilution.* There is less experimental evidence with regard to
organic compounds, so during the last four years an attempt has been made
at Rothamsted to gain further information with regard to some of the more
common and economically interesting substances.

Hydrocyanic Acid.
This substance has possibly attracted more attention than any other

plant constituent on account of its deadly poisonous nature and its
presence in many .articles used as food for man and animals. Numerous
cases of poisoning by Soy beans (Phaseolus lunatus) and Sorghum
(Sorghum tmlgare) have occurred, and the economic importance of this
fact has given an impetus to investigations on the subject. Prussic acid is
formed by a goodly number of plants, representative of a variety of natural
orders, of which Rosapeae furnishes a considerable number of instances.-
The presence of prussic acid in the ojl of bitter almonds had long been
known, but in 1830 Robiquet and Boutron Charlard 3 recognized that it did
not really exist as such in the fruit, but that water was essential for its
formation; they realized that bitter almonds contained a principle—
amygdalin—which under certain conditions gives rise to prussic acid. It
has since been recognized that hydrocyanic acid as such rarely occurs in
plants, but that it is evolved by the interaction of cyanogenetic glucosides
(such as amygdalin) and enzymes (such as emulsin) in the presence of
water. Usually these two essential principles are localized in the same
plant or parts of plants, but in some cases one may be present without the
other, when there is no formation of hydrocyanic acid unless the missing
constituent is supplied in some way. Amygdalin was the first cyanogenetic

1 Hiippe, F . : Naturwis«enschaftliche Einfiihrong in die Bakteriologie. Wiesbaden, 1896.
Quoted by Copeland, Bot. Gaz, 1903, voL xrrv, p. 83.
. ; * See Brenchley, W. E . : Inorganic Plant Poisons and Stimulants. Cambridge University
Tress, 1914.

* Robiquet et Bout ran Charlard: Ann. Chim, et Phys., vol. xllv, 1830, pp. 353-82.
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glucoside to be recognized (1830), but in 1906 Greshoff1 tabulated about
a dozen cyanogenetic compounds which had been discovered by various
observers in the Vegetable Kingdom, several being associated with particular
plants or groups of plants.

The function of these cyanogenetic compounds in the metabolism
of the plant is very obscure, and investigators express considerable dis-
agreement on the matter. Latham (1886)a indicated a possible relationship
between certain cyanogenetic compounds and various albuminous bodies
that occur in animal tissues, suggesting that possibly the latter may be
built up from substances derived from the decomposition of the former'.
Hubert8 (1898) stated that A. Gautier had put forward the theory that
hydrocyanic acid forms the basis of the synthesis of the vegetable albu-
minoids. The theory is that absorbed nitrates are dissociated, partly
because of their great dilution in the cell sap, and partly because of the
natural acidity of sap.. The free nitric acid reacts with formic aldehyde in
the green cells, giving rise to. HCN, CO2, and H^O.

a HNO3 + 5 CH2O = a HCN + 3 CO, + 5 H2O.
It was suggested, however, that the HCN when formed does not remain as
such, but is promptly transformed in most cases.

In 1904 Treub41 made a very full exposition of the theory that hydro-
cyanic acid is the starting-point for the production of primary nitrogenous
bodies in plants. He suggested that in most plants, directly the HCN is
formed, it enters int,o such stable compounds that its presence cannot be
detected. Later on he staged thai; possibly HCN is the first recognizable
product of th,e assimilation of nitrogen and perhaps even the first nitro-
genous compound 1;hat is formed. Treub6 repudiated the suggestion of the
protective function, of HCN op the grounds ^hat \t has neither a nauseous
smell nor a taste that is repugnant to animals, and that it has even been
found that some lower members of the Animal Kingdom, such as nematodes,
arachnids, and others, are definitely encouraged by the presence of hydro-
cyanic acid in the tissues of the plants on which they feed and live.

Guignard6 in dealing with the cyanogenetic glucosides found in
plants concluded that they functioned as reserve materials, though
perhaps of an unusual nature. He suggested tha't while they appeared
to be nutritive, yet possibly their actual r6Ie varies with their constitution.

In 1906 Dunstan and Henry 7 summed up the march of ideas con-
cerning the function of hydrocyanic acid in plants thus :

1 Greihoff, M. : Bull. So Pharm., vol. xiii, 1906, pp. 589-602.
Latham, P. W.: Brit. Med. Journ., vol. i, 1886, pp. 639-36.
Hubert, A.: Ann. Agron., vol. xxiv, 1898, pp. 416-40.
Treub, M.: Ann. Jard. Bot. Buit., vol. xix, 1904, pp. 86-145 ; vol. xxiii, 1909, pp. 85-118.
Ibid., vol. xxi, 1907, pp. 107-14.
Gnignard, L. : C. R., voL cxli, 1905, pp. 1193-201; vol. cxlvii, 1908, pp. 1033-8.
Dunstan, W. and Henry, T. A.: Report Brit. Ass. York, 1906, pp. 145-57. '
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i . That it is a.waste product of no metabolic importance.
a. That it is a means of protection against marauders.
3. That it is an intermediate product in the synthesis of proteids,

a view to which Henry1 himself is favourable.
Though Treub's idea as to the function of hydrocyanic acid in meta-

bolism received support from many other investigators, Guerin raised con-
siderable opposition to i t Guerins held that the relative rarity of hydro-
cyanic acid in plants constituted a serious objection to the adoption of the
hypothesis that it is one of the materials at whose expense nitrogenous
matters are elaborated. He felt that this hypothesis, which admits that
HCN constitutes the first product of assimilation in green plants, does not
meet, in every case, objections from the chemical point of view; that, while
admitting that in certain cases HCN serves for the building up of albu-
minoid matters, one must also admit that its rdle completely escapes one
when it is found engaged in those complex molecules which constitute the
glucosides. The leaves of elder and passion flowers, at the time of their
fall, contain as much cyanogenetjcglucosjdeas during the preceding months,
so that it is very difficult to attribute to this body the rdle of a reserve
material. Also, it is still less satisfactory to see in these compounds a pro-
tective substance against the attacks of animals and insects. Altogether
Guerin maintained the incompleteness of our knowledge as to the role
of hydrocyanic acid in plants, and emphasized the need for further
investigation in order to solve the problem, which is one of great importance
in vegetable biology.

In view of Treub's suggestion as to the part played by HCN in plant
nutrition a few experiments have been made on the action of HCN when
supplied to plants from the outside. It is evident that while certain (and
perhaps most) plants can elaborate some amount of HCN within their
tissues; yet thjs same subptance is most toxic in nature when offered
from outside. Townsend3 tested, the effect of hydrocyanic acid gas upon
grains and other seeds under different conditions. He found that dry seeds
are very resistant to the action of the gas—that short exposures do not
affect germination at all, and that exposure for several months to gas
generated from 1 grm. KCN per cubic foot of ajr does not altogether
destroy the power "of germination. Damp, seeds, however, are far more
affected, the length of soaking determining the reaction to the hydrocyanic
acid gas. HCN is also capable of holdirjg the germination of soaked seeds
in abeyance for some considerable time \yithout destroying their vitality
even when other conditions are favourable to growth,

1 Henry, T. A. : Sd. Prog,, vol. i, 1906, pp. 39-50.
• Guerin, P . : Revue Sclent., vol. viii, 1907, pp. 65-74, 106-10,
• Townsend, C. O.: Bot. Gat., vol. xixi, 1901, pp. 341-64.
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Molliardl grew radishes under aseptic conditions in glass tubes, offering
them 1 part in i ,000 of various nitrogenous compounds added to a mineral
solution free from nitrogen, with 5 per cent, pure glucose. A control set
received the same solution but no nitrogen. After six weeks' growth the
order of usefulness of the compounds, as shown by the mean dry weights,
was: (1) urate of sodium, (a) aspartic acid, (3) glycine, (4) legumin,
(̂5) sodium cyanide, (6) amygdalin, (7) hydrocyanic acid, (8) leucine. As
a matter of fact the plants with the last three substances did not look much
better than the controls with no nitrogen. It is difficult to attach much
importance to these results since the concentration of HCN used—J/I.OOO—
is most highly toxic to plant life, as the Rothamsted experiments have
shown, and also the control plants grown under aseptic conditions without
any source of nitrogen would naturally fail to develop, as there is little or
no store of nitrogenous reserves in the seed of the radish.

The toxic action of hydrocyanic acid on plants is as well marked with
animals. Fungi are as a rule able to resist the action of poisons much
better than are the higher plants, but prussic acid is a very violent poison
even for them.*

Experiments have been made at Rothamsted to see whether the
theory of stimulation with weak concentrations holds good with regard to
hydrocyanic acid. Numerous experiments were carried out with peas and
barley in water cultures in various strengths of nutrient solutions, and no
sign of stimulation was found in any case, even with as little poison as
1 part in 1,000,000,000, below which concentration it is hardly conceivable
that any effect can be produced. Great care was taken that the prussic
acid and other substances used were of the highest possible degree of
purity. The prussic acid was made afresh for each set of experiments, and
was distilled from pure potassium cyanide and tartaric acid. The distillate
was taken in distilled water and the concentration of the solutions was
estimated by Liebig's method with silver nitrate.

The initial experiments on peas demonstrated the great toxicity of
hydrocyanic acid. The concentrations ranged from 1/1,000 to 1/10,000,000,
and the plants were grown in the usual Rothamsted fqod solution. Within
two days the. plants with 1/1,000 HCN were killed without making any
development, and not only so, but the green colour had entirely disappeared
from the plumules. Lower strengths, to 1/10,000, took rather longer to
kill the plants. A little shoot growth was made in some cases, which
at first appeared quite healthy, but the roots utterly failed to develop.
The roots became intensely contracted, thus r^cccxxxxxxcccocco=>=oc»-_
and rapidly lost their turgescence. The attitude of the dying plants was
most characteristic. The stems shrivelled from the junction with the

1 Molliard, M. : Bnll. Soc. Bot. France, lvii, 1910, pp. 541-7,
• Clark, J. F . : Bot. Gai., vol. xxviii, 1899, pp. 389-317, 378-404.
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452 Brenchley.—Organic Plant Poisons. I.

cotyledons upwards, so that the shoots fell over, giving the plants the
appearance of literally ' lying down to die'. This is quite unlike the usual
phenomenon when pea plants are killed by poison or otherwise, since a3
a rule a fairly upright position is maintained to the very end. With con-
centrations down to 1/100,000 the plants remained apparently unaffected
for a day or two, but eventually all were killed and completely withered
within two or three weeks. In some cases the contraction of the roots was
so intense that they were completely withdrawn from the solutions. In no
single instance were any laterals formed, and, as is usual, the roots were
always seriously affected earlier than the shoots.

Down to this limit of concentration no ultimate growth had been
possible under the conditions of experiment. With 1/400,000 HCN, how-
ever, a change occurred. At the beginning the roots showed contraction
towards the tips, but there was some attempt to put out laterals, which were
very short and were chiefly developed above the surface of the water. For
some long time this condition of affairs continued ; the laterals continued
to form, but refused to enter the solutions for about four weeks. At last
they proceeded to elongate, and though the roots remained bunchy in
appearance and medium in length for some time longer, yet they finally
became more normal in appearance, though the plants remained rather
small to the end.

As the concentrations decreased still farther the symptoms of poisoning
gradually disappeared and the plants approached the controls more nearly.
It is probable that some slight toxic action continued to manifest itself even
with 1 part -HCN in 4,000,000 or 10,000,000 solution. It must be borne in
mind that the exact concentration at which certain phenomena occur cannot
be fixed definitely for all experiments. These plants were growing from
Oct. 3 to Feb. 4, during the slow-growing period of the winter months.
It is more than probable that the time of year, amount of available light and
heat, and many other factors interact in determining the exact action
of a particular concentration in any experiment, but still, within a certain
range, the sequence of phenomena remains constant.

In the experiments with barley, Feb. 16 to April 18, the concentrations
of HCN ranged from i/ico,ooo to 1/1,000,000,000, and both strong and
weak food solutions1 were tested. Iq both cases with the strongest solu-
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tions of HCN growth was entirely suspended for about a month. At the
end of this time most of the plants started into growth, slowly at first, more
rapidly later on, so that at the end of the experiment they were healthy
and fairly normal in type, but very small in size. With lower concentra-
tions the initial delay in starting was less marked or did not occur at all,
but the .toxic action of the poison was very evident to the eye down to
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F I G . 1. Average dry weights of 10 series of barley plants grown in strong nutrient solutions
in the presence of differing amounts of hydrocyanic aci& Feb. 16-April 18, 1914.
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Fic . 3. Average dry weights of 10 series of barley plants grown in weak nutrient solutions
in the presence of differing amounts of hydrocyanic acid. Feb. 16-April 18, 1914.

a very considerable dilution. From the outset the plants growing in the
weaker, food solutions were rather less developed than in the strong solu-
tions, but the same order of development was maintained (Figs. 1 and a).
It was soon evident that the roots were able to withstand more poison in
the strong solution than in the weak. With high concentrations, as
1/100,000 and 1/500,000, the roots began to make growth at an earlier date
in the strong nutrients, so that the plants pulled ahead and ultimately made.
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more growth (as shown by the total dry weight) than the plants grown in
the weak food solutions with the same concentrations of prussic acid. This
difference was evident throughout the life of the plants, though it was less
obvious in the later stages.

The experiment was repeated later in the year, April 25 to June 9,
with similar results, except that as growth was more vigorous at the later
date all the differences were magnified, so that the graph of the dry weights
showed a much steeper curve.

The delay in development followed by more or less normal growth
may perhaps be due to the behaviour of the poison itself. Prussic acid in
the presence of water tends to hydrolyse gradually, giving ammonium
formate, which may possibly be assimilated by the plant. Although high
concentrations of prussic acid are so toxic, it seems evident that at certain
lower strengths the poison simply paralyses the tissues, preventing growth
entirely without destroying vitality. As the HCN hydrolyses in the
presence of water in the slightly acid food solution the paralysing effect
slowly wears off and eventually the plant starts into growth, which is more
or less normal in character according to the amount of permanent injury
the HCN was able to inflict in addition to acting as a paralyser. It may
well be that this paralysing action is simply a manifestation of a toxic
action which shows itself by inhibiting growth without actually killing the
tissues, so that when the inhibitor is removed the plant is in many cases
able to exercise its inherent recuperative power and to make more or less
growth according to circumstances. Possibly, too, this temporary inhibi-
tion of growth without ultimate loss of vitality is analogous to Townsend's
results (quoted earlier in the paper) on the power of hydrocyanic acid
gas to suspend the germination of damp seeds for considerable periods
without destroying their power to start growing when the inhibitory agent
is removed.

In view of the possibility of the formation of ammonium formate in
the solution a set of plants was grown with formic acid (H2CO.j) as the
poison in strengths corresponding to those used with prussic acid, 1-704
formic acid being equivalent to 1 part prussic acid. 1 •704/50,000 formic
acid was very variable in its action, as some plants were killed by the
poison while the rest started into growth after an initial check and
eventually produced quite good plants, though the total weight remained
behind that of the controls. Plants grown with the same strength of
HCN were killed outright at the very beginning. With 1704/100,000
formic acid there was some delay in starting into growth, but the plants
soon began to make headway and presented a striking contrast to those
which were grown in the corresponding strength of HCN. Below this con-
centration the formic acid played no part, as plants in i^o^oo.ooo were
as good or better than the controls, and lower strengths gave no indication
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of toxic Or stimulant action. This indicates that if the HCN is hydrolysed
into formic acid or its derivatives the highly toxic substance is replaced by
another which is practically indifferent in its action except when it is
present in relatively large quantities. It is evident, though, that the higher
concentrations of prussic acid do not merely paralyse growth, but kill the
plant so that there is no possibility of recovery if and when the poison is
hydrolysed.

In order to see whether the toxic action is due to the cyanogen radicle
independent of the combination in which it is presented to the roots,
a series of barley was grown with sodium cyanide replacing the HCN in
equivalent concentration (1-815 sodium cyanide = 1 HCN). A parallel
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FIG. 3. Avenge dry weights of 8 series of barley plants grown in strong nutrient solutions
in the presence of differing amounts of sodinm cyanide. April 33-June 9,1914.

series with prussic acid was grown alongside, and it was found that the
results were similar with both combinations of the cyanogen radicle, though
growth was rather more seriously depressed with the 1-815/500,000 sodium
cyanide than with the 1/500,000 HCN. This indicates that the toxic
agent in prussic acid is the cyanogen radicle, and that it acts in the
same poisonous way when presented in other combinations than that of
HCN (Fig. 3).

The experiments have shown that prussic acid and sodium cyanide are
highly toxic to plants down to a weak concentration, the poisonous action
still being evident at 1/4,000,000 strength and even lower. Although the
dilution was carried down to 1/1,000,000,000 prussic acid no trace of
stimulation was obtained in any case. In this respect HCN behaves in the
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same way as the various inorganic poisons, zinc, arsenic, and copper, which
were tested in earlier work.

SUMMARY.

I . Prussic acid is very toxic to peas and barley. All strengths up
to and including 1/100,000 killed peas outright, either immediately or
after a short interval of poor growth. All strong concentrations kill
barley, but with 1/100,000 a period elapses during which no growth occurs,
after which a little progress is made, though the plants never attain
any size.

a. The peas killed by prussic acid shrivel from the cotyledons upwards
and the roots contract so intensely that they are often completely withdrawn
from the nutrient solution. Barley roots decline to enter strong solutions
at all, but often put out laterals which stop short at the surface of the solution
and form the characteristic bunchy root so often seen with this plant when
in the presence of poison.

3. Formic acid is comparatively harmless to barley, except in very
strong concentrations, whereas sodium cyanide is quite as toxic as prussic
acid, indicating that the cyanogen radicle is the toxic agent in the cyano-
genetic compounds.

4. No trace of stimulation in peas or barley has been obtained with
any of the compounds tested.
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